Resveratrol, a naturally derived stilbene that exists in various foods and beverages, has attracted extensive exploration due to its multiple biological activities, such as anticancer, antioxidant, cardiovascular protection, anti-inflammatory, antiviral, chemopreventive effect, neuroprotective effect, immunomodulation and so on. However, owing to its poor oral bioavailability, the application of resveratrol is greatly restricted. Because of that, a large amount of efforts had been made by researchers on designing its derivatives to obtain compounds with improved efficiency and low toxicity for developing more active drugs for clinical application. In this report, we review the current development of studying on resveratrol derivatives including their properties and activities. Additionally, this article also presents the synthetic routes of correlative resveratrol derivatives.
Introduction
Resveratrol (trans-3, 4', 5-trihydroxystilbene) is naturally present in certain fruits and plants, including grapes, peanuts and mulberries, in response to stress, injury, ultraviolet irradiation and fungal infection [1] [2] . This compound, which could cause the so-called "French paradox" [3] [4] , was first isolated from the roots of the white hellebore (Veratrum grandiflorum O. Loes) in 1940 [5] . However, it began to attract worldwide attention in 1992 because of the discovery of its cardioprotective activity [6] .
Resveratrol is one of the best characterized stilbenes and is known to possess a wide range of biological activities including anticancer [7] [8], antioxidant [9] [10], cardiovascular protection [11] [12] , anti-inflammatory [13] , antiviral [14] [15] , antimicrobial [16] , chemopreventive effect [17] [18] , neuroprotective effect [19] [20] and immunomodulation activity [21] . Resveratrol was also used as herbal medicine in China and other East Asian countries. Nowadays, owing to its multiple bioactivities, more and more attention is being drawn to resveratrol (Figure 1) .
However, the potential application of resveratrol is greatly limited due to its rapid metabolism and low solubility, especially the poor water solubility. It is reported that resveratrol was mainly metabolized to its glucuronide metabolite in the small intestine of rat [3] [22] . But in human plasma, resveratrol sulfate was found to be the major metabolite upon oral ingestion of resveratrol [3] [23] . Some reports investigated the absorption, metabolism, and bioavailability of resveratrol by administering 14C-resveratrol to human subjects, confirming the findings that resveratrol was metabolized quickly and extensively [23] [24] . Metabolism is thought to be the main limiting factor for the bioavailability of resveratrol and bioavailability is a key issue on considering potential biological effects in vivo. For this, a large amount of efforts had been made by researchers on designing its derivatives to obtain compounds with improved efficiency and low toxicity to develop more active drugs for clinical application. Meanwhile, the multiple biological activities and action mechanisms of resveratrol have been extensively investigated.
The resveratrol's biological activity and its affinity toward a large variety of molecular targets have been reported in several excellent articles. This article summarizes current development of studying on resveratrol derivatives. Additionally, the basic information, relevant to synthesis of its derivatives, has also been present in this article.
Synthesis of Resveratrol Derivatives with Anticancer Activity
Some reports had found that resveratrol could interfere in the nuclear factor (NF)-κB signaling pathway, which regulates the expression of various genes involved in cancer and inflammation [7] [25] [26] . Some studies also indicated that the anticancer effect of resveratrol was mediated by inhibiting key proteins in signal transduction pathways such as mitogen-activated protein kinases, activator protein-1 (AP-1), and NF-κB [3] . Resveratrol could also affect cell-cycle regulation and apoptosis [27] . The mentioned results suggested that resveratrol could be developed to be an effective cancer chemoprevention and therapeutics agent. Owing to resveratrol's extremely poor bioavailability, many scientists have applied themselves to searching for novel resveratrol derivatives with high efficiency, low toxicity, and minimum side effects. Herein, some studies of the structural modifications were given to help understand the structure-activity relationships (SAR) of its anticancer activity better.
Minutolo et al. [28] compared the biological effects of seven naphthalene-based and/or methoxylated resveratrol analogues with resveratrol. They found that compound 3 (Scheme 1) exerts an antiproliferative effect via a ceramide-mediated proapoptotic mechanism, with an increase of endogenous ceramide coupled to cleavage of PARP (poly-(ADP-ribose)-polymerase). In addition, they considered that the compound with a naphthalene ring and three hydroxyls is the most effective in human cancer cells. 
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In order to obtain more information about the SAR of resveratrol derivatives, Ruan et al. [29] synthesized a total of 17 resveratrol derivatives. Among which, 13 compounds were reported for the first time. Compared with 5-fluorouracil, they found that compounds 4-7 (Scheme 2) showed strong anticancer activities in vitro. Especially compound 6, with an IC 50 value of 3.9 µM, exhibited the most potent activity against human nasopharyngeal epidermoid tumor cell line KB. They assumed that the Br-atom may play the most important role and they found that the replacement of the -OH groups of these derivatives resulted in cytotoxic activities increased.
A novel series of trans-N-phosphoryl amino acid modified resveratrol analogues were synthesized by Liu et al. [30] . They tested the cytotoxic activity of these derivatives against CNE-1 and CNE-2 cell lines. The results indicated that compounds 15a-15d (Scheme 3) displayed much stronger inhibition effect than resveratrol (52.28 ± 4.90 µM). Especially 15a showed the most potent activity with IC 50 value of 3.45 ± 0.82 µM. The medical chemists obtained several structure-activity relationships on the basis of all synthetic trans-N-phosphoryl amino acid modified resveratrol analogues as followed: 1) the methoxy groups at 3-and 5-positions of benzene ring played a key role on inhibition activity; 2) The cytotoxicity of these compounds is relevant to the length of the alkyl chain on the N-phosphoryl amino acid moiety; 3) The steric effect of the amino acid may affect the anti-proliferative activity of these resveratrol derivatives.
Liu et al. [31] synthesized several analogues of resveratrol and screened them against a series of human cancer cell lines including RL95-2, SKOV-3, MCF-7 and T-47D in vitro. They found that 3-methoxy-E-diethylstilbestrol and its derivatives (16 and 17) exhibited higher potential anti-tumor activities than compound 18. Therefore, they assumed that the double bond of E-3-methoxystilbestrol (18) is not indispensible for its antitumor activity (Scheme 4)
In order to improve the bioavailability and anticancer activity of resveratrol, Mulakayala et al. [7] synthesized two derivatives of resveratrol and evaluated their activity on U937 cells. Among the two synthetic resveratrol derivatives, the researchers found that the analogues of resveratrol (19 and 20) showed higher rates of inhibition than the parental molecule at 10 µM concentration. The results suggested that the allyl groups added to 19 by substituting the three hydroxyl groups has shown more potent activity. This is perhaps as a result of increasing (22) exhibited higher cytotoxicity (IC 50 = 25.38 ± 13.87 µM). Thus it seems that toxicity of these compounds is related to the number of methoxy groups (Scheme 6).
Antioxidant Activity of Resveratrol Derivatives
As early as 1997, Fauconneau et al. [33] assessed the antioxidant activity of the flavonoids (anthocyanins, catechins) and non-flavonoids (stilbenes) by their capacity to prevent Fe 2+ -induced lipid peroxidation in microsomes and their action on Cu 2+ -induced lipid peroxidation in low-density lipoproteins. The results showed that the number and position of hydroxyl groups played an important role in the antioxidant activity of stilbenes.
Cai et al. [34] synthesized 4-hydroxy-trans-stilbene (4-HS), 3,4-dihydroxy-trans-stilbene (3, 4-DHS), 4, 4'-dihydroxy-trans-stilbene (4, 4'-DHS) and 3, 5-dihydroxy-trans-stilbene (3, 5-DHS) and studied their antioxidant activity through the free radical-induced peroxidation of rat liver microsomes in vitro. They found that these derivatives are effective antioxidants against both AAPH-and iron-induced peroxidation in rat liver microsomes [34] [35] . Besides, they also found that the activity sequence follows the order: 3, 4-DHS > 4, 4'-DHS > resveratrol > 4-HS > 3, 5-DHS.
Caruso et al. [36] studied resveratrol and its analogues through ab initio calculations and crystal structure, the results demonstrated that the p-4'-OH group is more acidic compared to the other two m-OH groups and H-atom transfer is the dominant mechanism by which resveratrol and its derivatives scavenge free radicals.
In order to compare the antioxidant activity of the cis-and trans-resveratrol, Orallo [37] studied the possible in vitro effects of the resveratrol isomers on ROS (reactive oxygen species) and RNS (reactive nitrogen species) generation during the respiratory burst of thioglycollate-elicited rat peritoneal macrophages. The results revealed the cis isoform is less potent.
Stivala et al. [39] investigated the antioxidant activity of 6 resveratrol derivatives in vitro by measuring the inhibition of citronellal thermo-oxidation or the radical scavenging ability using the free radical DPPH. They found that reduction of the stilbenic double bond to single bond producing dihydroresveratrol leads to a lower antioxidant capacity when compared to resveratrol.
Anti-Inflammatory Activity of Synthetic Resveratrol Derivatives
In order to find new potent anti-inflammatory agents, Chen et al. [13] synthesized 17 resveratrol derivatives and tested them on xylene-induced mouse ear edema, the results indicated that compound 23 (Scheme 7) showed almost the same inhibition rate as resveratrol by 37.0%. The study showed that resveratrol pyridyl-substituted analogs and the Mannich base displayed potent anti-inflammatory activity. Recently, Antus et al. [39] synthesized numerous derivatives to reveal the structural determinants of the molecule's activity. They investigated the anti-inflammatory properties of a new, triple-bond resveratrol analog, 3, 4, 5-trihydroxy-diphenylacetylene on lipopolysaccharide-stimulated RAW macrophages. They found that this compound exhibited better anti-inflammatory properties than resveratrol.
Synthesis of Resveratrol Derivatives with Neuroprotective Effect
Till now, there is no effective therapy for Alzheimer's disease (AD), the most common fatal neurodegenerative disorder. In order to reduce the risk of this neurodegenerative disorder, Lu et al. [40] synthesized and evaluated a novel series of resveratrol derivatives. They found that most of the synthetic compounds exhibited significant inhibition on self-induced β-amyloid (Aβ) aggregation and Cu (II)-induced Aβ 
Concluding Remarks
Resveratrol is a very interesting compound with its diverse potent biological activities. However, its poor water solubility and bioavailability limit its clinical application. Researchers assumed that resveratrol could be modified to agents with higher bioavailability and more pharmacologically active by chemical methods. Interestingly, despite that the bioavailability of resveratrol is low in vivo, there are numerous resveratrol-containing dietary supplements exhibiting stronger activity than resveratrol. Continued efforts towards the most active compounds mentioned in this review will be needed in order to expand resveratrol's SAR and its application to clinic. 
